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Abstract 16 17
Using in-situ, continuous, high frequency (8 -16 Hz) measurements of velocity, suspended 18 sediment concentration (SSC), and salinity, we investigate the factors affecting near-bed 19 sediment flux during and after a meteorological event (cold front) on an intertidal flat in 20 central San Francisco Bay. Hydrodynamic forcing occurs over many frequency bands 21
including wind-wave, ocean swell, seiching (500-1000 second), tidal, and infra-tidal 22 frequencies, and varies greatly over the time scale of hours and days. Sediment fluxes occur 23 primarily due to variations in flow and SSC at three different scales: residual (tidally 24 averaged), tidal, and seiching. During the meteorological event, sediment fluxes are 25 dominated by increases in tidally-averaged SSC and flow. Runoff and wind-induced 26 circulation contribute to an order of magnitude increase in tidally averaged offshore flow, 27 while waves and seiching motions from wind forcing cause an order of magnitude increase in 28 tidally averaged SSC. Sediment fluxes during calm periods are dominated by asymmetries in 29 SSC over a tidal cycle. Freshwater forcing produces sharp salinity fronts which trap sediment 30 and sweep by the sensors over short (~ 30 minute) time scales, and occur primarily during the 31 flood. The resulting flood dominance in SSC is magnified or reversed by variations in wind-32 forcing between the flood and ebb. Long term records show that more than half of wind 33 events (sustained speeds of greater than 5 m/s) occur for three hours or less, suggesting that 34 asymmetric wind forcing over a tidal cycle commonly occurs. Seiching associated with wind 35 and its variation produces onshore sediment transport. Overall, the changing hydrodynamic 36 and meteorological forcing influence sediment flux at both short (minutes) and long (days) 37 time scales. 38 39
1. Introduction 40 41
Intertidal flats form a boundary between land and sea, and are important feeding grounds for 42 birds, fish, and other biota. Moreover, due to their proximity to cities and industrial areas, 43
intertidal flats may contain buried contaminants that are uncovered by storm events and long-44 term morphological change. Thus, the physical processes that create, erode and rework 45
intertidal flats are immensely important from both an ecological and practical viewpoint. 46 47
Previous studies have suggested that the primary forces shaping intertidal flats are wind-48 induced waves and tidal currents. The shifting influence of wind has generally been reduced 49 to three distinct levels of forcing conditions: stormy, windy, and calm (Shi and Chen, 1996, 50 Le , Janssen-Stelder, 2000 . During storms, large waves are observed to erode 51 sediment and keep sediment in suspension during the slack tide, which is then available to be 52 transported offshore during the ebb (Le Hir et al, 2000, Dyer et al, 2000, Bassoullet et al,  53 2000, Andersen & Perjup, 2001) . Storms may also deposit sediments onto upland marshes 54 (e.g., Yang et al, 2003 , and list therein). During windy periods, local erosion generally 55 results in offshore transport (Christie et al., 1999) , Dyer et al., 2000, de Jonge and van  56 Beusekom, 1995), though net transport can be onshore as well (e.g., de Haas and Eisma, 57 1993). During calm periods, net transport is observed to be onshore (Black, 1998 to settling lag and scour lag effects (Christie et al, 1999) . Sediment is observed to be eroded 60 during the flood tide, is transported shoreward, and settles out during the high-water slack 61
period (Christie et al, 1999; de Haas & Eisma, 1993; Ridderinkhof et al. 2000) . Because ebb 62
currents are insufficient to resuspend and transport all the recently deposited sediment (even 63 in an ebb dominated estuary such as the Dollard, NL), accretion occurs in calm periods (Dyer 64 et al, 2000) . 65 66
Models of sediment transport have provided important insights into intertidal processes by 67
focusing on the effects of tidal currents (Friedrichs & Aubrey, 1996 , Pritchard et al., 2002 Pritchard & Hogg., 2003), or the combined affect of winds and tidal currents (Ridderinkhof, 69 1998, Roberts et al., 2000 , Waeles et al., 2004 . Sediment fluxes are found to occur due to 70 tidal asymmetries in velocity (e.g., Ridderinkhof, 1998 2002) and due to settling lag effects (e.g., Pritchard & Hogg, 2003) . Ridderinkhof (1998) 72 concludes that asymmetries in tidal velocities (rather than waves) set the direction of sediment 73 flux, and that waves reduce net sediment flux by keeping sediment in suspension over a tidal 74 cycle. Waeles et al. (2004) finds that even small (but constantly applied) waves of 5 cm cause 75 an export of sediment that is balanced by input at the seaward boundary. All models that 76 include wave effects apply constant forcing over a tidal period (e.g., Ridderinkhof, 1998 tidally-averaged and intra-tidal time scales affect net sediment fluxes during a meteorological 99 event (cold front) and a relatively calmer period. We show that the relative phasing (timing) 100
and time-scales of wind, tidal and freshwater forcing can completely alter the net flux of 101 sediment in the intertidal zone, even between consecutive tidal periods. 102 103
In Section 2 we describe the experiment site and measurement methods, while in section 3 we 104 describe the hydrographic results and explore the variations of SSC and sediment flux. In 105 section 4 we analyze sediment flux at the tidally averaged and tidally varying time scales, and 106 the conclusions are presented in section 5. 107 108 109
2. Methods 110 111
The intertidal flat we investigate in this study is situated in the central San Francisco Bay near 112 the city of Richmond, CA (figure 1a). Along its east and west borders, the intertidal flat is 113 fringed by marshland (figure 1b) that lies behind an outer seawall. The northern border is a 114 rip-rap seawall. Two subtidal channels drain the upland marsh system and combine together 115
within the intertidal flat. Between t=53 hours and t=88 hours, wind was directed offshore (from north to south), as 181 indicated by the dotted line. 182 183
A comparison of measured and predicted water levels show that winds caused a surge of ~ 184 0.25 m by t=20 hours, and reached a maximum of ~ 0.3 m at t=30 hours. Elevated water 185 levels persisted through tide 4 (0.2 m at High Water) and tide 5 (0.06 m at High Water) but 186 became insignificant for tides 6-8. The surge coincided with seiching motions with velocities 187 of 0-0.15 m/s and a period of ~ 500-1000 seconds. These seiching motions occur primarily 188 during tides 2-5, and are shown by the envelope created by the 1-minute mean velocity ( Fig.  189 3b and Fig. 4b ). As wind-setup disappears during tides 6-8, seiching motions become small. 190 191
Precipitation from the meteorological event increased the freshwater discharge in the subtidal 192
creek, and began lowering salinity concentrations starting at ~ t =17 hours. During the 193 meteorological event, large variation between bay water (> 20 psu) and fresher water (< 10 194 psu) were observed during wetting and drying. The effect of freshwater discharge was also 195 observed at high water (HW), as salinity decreased from 25.8 psu during tide 1 to a minimum 196 of 23.2 psu during tide 3 ( Fig. 3d ). After the meteorological event, the salinity at high water 197
slowly increases, from 24.3 psu at t=55 hours to 26.1 psu at t = 92 hours (figure 4d). 198 Similarly, the differences in salinity over a tidal period lessen. 199
200
As shown in Fig. 3e and Fig. 4e , the characteristic profile of suspended sediment 201 concentration (SSC) over an immersed period includes a period of elevated sediment 202 concentration during the flood, a reduction during the slack period, and a corresponding 203 increase during the ebb (see figure 4e ). Overall, the tidally averaged concentration increases 204 from 0.11 kg/m 3 during tide 1 to a peak of 0.19 kg/m 3 during tide 4, then reduces to 0.02 205 kg/m 3 by tide 7 (post-event). The source of variation in SSC over the experiment is the focus 206 of the next section. 207 208
The evolution of wave orbital velocity and energy over the experiment is depicted in Fig. 3c Hz, offshore ocean swell between 0.05 and 0.15 Hz, and intra-tidal motions between 3·10 -3 218
Hz and 8·10 -4 Hz. Wind induced wave energy is largest during tide 2, and decreases in 219 spectral energy and average period (T =1/f) occur as wind-forcing decreases in succeeding 220
tides (see also Fig. 3c ). After the flood of tide 5, no appreciable wind-wave energy is evident 221 until the ebb of tide 8. However, waves at the ocean swell frequency persist after local wind 222
forcing vanishes (see also Talke & Stacey, 2003) , and are the largest component of wave 223
forcing from the ebb of tide 5 through the flood of tide 7. At lower frequencies, two peaks of 224 energy are persistently found at periods of 500 seconds (2·10 -3 Hz) and at 900-1000 seconds. 225
These intra-tidal motions, which we collectively call 'seiching', are largest during the windy 226 periods from tide 1 through tide 5. Differences in energy between flood and ebb are 227 characteristic for all energy bands, and are particularly well defined for tides 4, 5, and 8 228 (wind-waves), tide 5 and tide 7 (ocean swell) and tide 4, 7 and 8 (infra-tidal motions). 229 230
Analysis of SSC on flat 231 232
In this section we investigate whether wind causes the variation in waves and SSC at the 233 experiment site by developing a regression between wind, wind-waves, and SSC ( Fig. 6 ). 234 Fig. 6c shows the least-squares fit to a scatter plot of the 1 hour mean wind energy and the 1 235 hour mean wind-wave energy. Because the fit of the line is good (R 2 = 0.78), our 236 measurements indicate that on average, wave energy is linearly related to wind forcing. 237
However, the scatter in the data indicates that other factors (such as spatial and temporal 238 variation in the instantaneous wind field, changes to fetch, drag, and water depth and variation 239 in ocean swell) influence the average hourly wave climate. 240 241
These factors produce a time history of wave climate that often deviates significantly from the 242 linear relationship. As shown in Fig. 6a , a decrease in wind velocity from 98 m 2 /s 2 to 76 243 m 2 /s 2 between t=13 hours and t= 15 hours (~ 23% decrease in energy) is correlated with a 244 non-linear decrease in the 20 minute mean square wave energy from 0.051 m 2 /s 2 to 0.028 245 m 2 /s 2 (45% decrease in energy). Similarly, between hour 20 and hour 21 the wind velocity 246 measured at the Richmond Field station was halved from 9.3 m/s to 4.7 m/s. This sudden 247 change in wind forcing causes a corresponding decline in the 20 minute mean square energy 248 of locally generated wind-waves from a maximum of 0.06 m 2 /s 2 (rms velocity of 0.24 m/s) to 249 a maximum of 0.01 m 2 /s 2 (rms velocity of 0.15 m/s) two hours later (figure 6a). Though a 250 linear model (e.g. Fig. 6c ) predicts a factor 4x decrease in wave energy, the actually measured 251 wave energy decreases by a factor of 6x. This greater than expected decrease suggests that 252 other factors affect wave heights (e.g., water depth or tidal flow), and that variability in the 253 wind-field at periods of less than 1 hour may be important. 254 255
The sensitivity of wave energy to changes in wind climate is correspondingly reflected in the 256 measured SSC (figure 6b). Increases in SSC concentration coincide with increases in wind 257 energy (e.g., at t=11 hours and t=19 hours), while decreases in SSC correlate with decreases 258 in wind energy (e.g., at t=15 hours and t=30 hours). During periods of onshore wind (data 259 during the period of offshore wind from t= 55 hours to t =88 hours are omitted), the 260 correlation between hourly averaged wind wave energy and hourly averaged SSC is R 2 = 261 0.41. When selected periods of anomalous SSC are removed (hours 19-21, 35-41 and 89), the 262 correlation is increased to R 2 =0.58 and a reasonably linear trend is observed (see Fig. 6d ). 263 264
The sensitivity of the regression in Fig. 6d to omitting data and the scatter around the linear 265 trend again points to the complexity and variability of the hydrodynamic forcing and sediment 266 dynamics. However, because the correlation between tidal velocity and SSC is insignificant 267
(R 2 = 0.23), other processes besides wind-waves and tidal currents must control the variation 268 of SSC (particularly during the times omitted in the analysis). These processes are the focus 269 of the following sections (section 3.3 and 3.4). 270 271
Note that winds directed offshore (blowing from North to South) may also cause elevated 272 SSC. For example, moderate offshore winds of 3-4 m/s during the ebb of tide 6 and flood of 273 tide 7 produce negligible wind-wave energy (see Fig. 5 ) and hence no local erosion. 274
However, the large SSC during the flood of tide 7 suggests that offshore wind is nonetheless 275 important, as it likely produces waves and erosion in subtidal areas and results in a larger SSC 276 signal than either the flood of tide 6 and tide 8, when offshore wind-forcing is much smaller 277 (see Fig. 4 ). By contrast, offshore winds during the ebb of tide 6 do not cause any erosion 278 upstream (shoreward) of the instruments, and no significant increase in SSC occurs. Note 279 that tidal velocities are slightly larger during the flood of tide 7 than either the flood of tide 6 280 or tide 8 (0.11 m/s vs. 0.07-0.08 m/s), and may also contribute to differences in offshore 281 erosion and advection during these flood tides. Finally, ocean swell forcing is larger during 282 the flood of tide 7 than during either the ebb of tide 7 or tide 8 (see Fig. 5 ), and may also 283 contribute to differences in SSC. 284 285 286
3
.3 Effect of Seiching on SSC 287 288
To investigate the effect of seiching on SSC, we display the near bed 1-minute mean velocity 289 and SSC between t=36.5 hours and t = 40.5 hours in Fig. 7a and Fig. 7b . Variations in 290 velocity and SSC at a period of 500-1000 seconds occur through-out this period, and serve to 291 increase the longer term mean SSC (e.g., tidal mean). Interestingly, a persistent asymmetry 292 occurs between SSC and the phase of the seiche, with the largest sediment concentrations 293 generally occurring when the seiche velocity is shoreward (shaded dark). This is clearly 294 observed in the scatter plot of the 1-minute mean velocity vs. the 1 minute mean SSC ( Clearly, the stress exerted by the 1-minute mean flow cannot explain the observed sediment 300 concentration, since a mean velocity of zero m/s (mean stress = 0 N/m 2 ) results in larger 301 sediment concentrations than an ebb velocity of 0.15 m/s. A possible explanation is that 302 sediment is being resuspended by the ejection of sediment off of bedform ripples as the fluid 303 reverses direction (e.g., Sleath & Wallbridge, 2002) . Variation in the frequency of ejection 304 over a seiche would then produce the observed behaviour (Talke, 2005) . Other explanations 305 include settling lag effects or lateral interaction with turbid channel water. 306 307
3.4 Frontal processes 308 309
While elevated SSC is often correlated with local wave action (e.g., the range of times 310 described in Fig. 6d , such as the flood of tide 5), examples of short duration (~ 30 minutes), 311
high concentration events that are decoupled from the local wind climate occur during the ebb 312 of tide 2 and the flood of tide 4, 6, and 8 (see Fig. 3 and Fig. 4 ). Such pulses of SSC, termed 313 the 'turbid tidal edge', are often observed on tidal flats (Dyer et al., 2000) and are attributed to 314 local erosion from tidal currents (e.g., Pritchard & Hogg, 2003) . However, the small 315 maximum tidal currents of 0.07 m/s -0.11 m/s during most of the experiment result in small 316
shear stresses of 0.015 N/m 2 to 0.03 N/m 2 (using the quadratic friction law with a drag 317 coefficient of 0.0025, an order of magnitude often found in coastal environments (e.g., Green 318 & McCave, 1995) and used in models (e.g., Roberts et al., 2000) , which are unlikely to cause 319 local erosion. Moreover, the large rise in SSC often occurs as wind energy decreases (e.g. 320 ebb of tide 2 and flood of tide 4), and hence does not follow the linear relationship suggested 321 between SSC and wind (Fig. 6 ). In the absence of wind forcing, the turbid tidal edge still 322 occurs, despite the minimal local forcing (e.g., flood of tide 6 and tide 8). coincide with a factor ~ 5x increase in SSC (peak of 0.13 kg/m 3 and 0.2 kg/m 3 , respectively). 332
Salinity gradients are larger during the flood, and are consistent with values observed in the 333 nearby subtidal channel by Ralston and Stacey (2005) . 334 335
The sharp variations in sediment concentration and salinity observed during ebbing and 336 flooding periods suggests that a front influenced by freshwater runoff is moving past the 337 sensors. The pulse of SSC observed during the ebb of tide 2 and the flood of tide 3, tide 4, 338 tide 6, and tide 8 is consistent with a turbidity maximum formed at the interface of two bodies 339 of water in which longitudinal mixing is suppressed by strong horizontal density gradients. 340
This mechanism is described for the nearby channels by Ralston and Stacey (2005) , and our 341
data suggests this process also occurs on the adjoining flats. The SSC in a front likely 342
consists of sediment eroded non-locally during the previous tidal period or at offshore (more 343 energetic) locations, and held in suspension by settling lag and turbulence effects (Ralston & 344 Stacey, 2007 In this section we investigate the sediment flux occurring over a tide at different time scales. 354 Combining the effect of locally driven wind waves and ocean swell together, we split the 355 measured velocity V(t) and sediment concentration C(t) into wave, seiche, tidal, and residual 356 (tidally averaged) components, 357 358
(2) 361 362
Velocity is decomposed along the North-South axis, which corresponds to the down-slope 363 direction and the primary direction of both wave and tidal forcing. Using the function f for 364 either the measured sediment concentration, C, or velocity, V, we decompose the measured 365 signal using bin-averages over the time scales T, N, and M, 366 367
The time increment ∆t is the sampling period of 1/8 second. These decompositions result in 376 histograms of velocity and SSC with time increments of T, N, or M (Eqs. 3, 4, and 5, 377 respectively). The residual time scale for an intertidal flat is the time of immersion, T, which 378
we estimate as an integer number of 10 minute measurement bursts. We define the tidally 379 varying time scale N to be 1800 seconds (30 minutes), and the variability of the seiche scale 380
M to be 60 seconds (1 minute). These time scales correspond to periods of low energy in the 381 power spectrum of velocity, as defined by the frequencies 1/1800 Hz and 1/60 Hz in figure 5 . 382
While some unsteadiness from lower frequencies is contained in higher frequency 383 components, (e.g., the tidal signal varies somewhat over 30 minutes and enters f seiche ), this 384 variability is small compared to the higher frequency variability (e.g., the seiche). Note that 385 the number T/N is rounded up to the nearest integer. When T/N is not an integer number, the 386 averaging time of the last bin is defined by the time period of the remainder. In practice, this 387 means that N is equal to 10 or 20 minutes for the last bin in some tidal periods, and may result 388 in some truncation of the seiche signal. 
The cross-terms are extremely small when integrated over the time period T, and are typically 396 less than 10 -12 kg m -2 s -1 (see the electronic supplement for additional discussion). 397 398
The sediment fluxes occurring during tides 1-4 and tides 5-8 are shown in Fig. 8a and Fig 8b.  399 Positive values of flux denote onshore transport, while differences in y-axis scaling between 400 Fig. 6a and Fig. 6b In this section we discuss the physical mechanisms that produce fluxes during both the 421 meteorological event and afterwards. 422 423 4.1 Residual, tidally averaged fluxes 424 425
The dominance of tidally-averaged, residual fluxes during tides 1-4 is caused by order of 426 magnitude increase in C residual and V residual above non-event conditions (e.g., tides 5-8). period is further reduced. 438 439
During the meteorological event between April 11 th and April 13 th , many factors may work 440 together to create the residual flow pattern. The large salinity variations observed during this 441 time period (see Fig. 3 ) indicate an influence of freshwater runoff from the local water shed. 442
Wind stress also produces circulation patterns, as evidenced by water level set-up and its 443 release during tides 1-5. The large salinity gradients likely drive gravitational circulation, 444 which was found by Ralston and Stacey (2005) to produce a near-bottom inflow on the order 445 of 0.01-0.02 m/s over the shoal of our experimental site. Finally, the diurnal inequality in 446 water level that occurs during tides 1-4 results in residual, tidally averaged currents. 447 448
The tidally averaged increase in SSC during tides 1-4 is primarily a result of the increased 449 wave forcing, as suggested by the regressions in Fig. 6 
where C base is an even (symmetric) function and V base is an odd function with respect to the 467 midpoint of the period of immersion (T/2), and C and V  are deviations from the 468 symmetrical function over the tidal period. Using our data, we define the even component of 469 SSC around T/2 as follows:
The odd component of velocity is defined similarly:
Using these definitions, we find that the tidally integrated flux of SSC at the tidal time scale 482
can be rewritten as, 483 484 To understand why the shift to C  dominance occurs in tides 5-8, we investigate the tidal 497 variation of SSC ( Fig. 11a and Fig. 12a ), velocity ( Fig. 11b and 12b ) and the product 498 C tidal V tidal (Fig. 11c and Fig. 12c ) during tides 1-4 ( Fig. 11 ) and tides 5-8 ( Fig. 12 ). Onshore 499 velocity and sediment flux are shaded dark and defined as (+), whereas offshore sediment flux 500 and velocity are shaded light and defined as (-). Similarly, positive deviations from the tidal 501 averaged SSC are shaded dark (+) and negative deviations are shaded light and defined as (-) 502 (see Eq. 5). The function C base is depicted in Fig. 11a and Fig. 12a and the function V base is 503 depicted in Fig. 11b and Fig. 12b . 504 505
During the meteorological event, both SSC and velocity are quite asymmetric, as can be 506 observed by the differences between the measured tidal variation (C tidal and V tidal ) and the 507 hypothetical symmetric functions C base and V base . While SSC remains asymmetric over a 508 tidal period during tides 5-8, the flow velocity is relatively symmetric (as shown by the 509 relatively good agreement between V base and V tidal ). 510 511
Factors producing asymmetry 512 513
The asymmetric tidal variation in flow velocity during the meteorological event, V′, is caused 514 both by the diurnal inequality in tides and by events such as freshwater discharge and wind 515 induced circulation and setup/set-down. For example, the diurnal inequality results in small 516 tidal currents during the ebb of tide 1 and flood of tide 2, and contributes to an onshore 517 V   during tide 1 and an offshore V   during tide 2 (see Fig. 10 ). The setup caused by wind 518 also appears to prolong the flood tide during tide 2. Finally, the coincidence of freshwater 519 discharge (as evidenced by salinity concentrations < 10 psu) and the release of water set-up 520 due to decreasing wind at hour 20 cause large ebb currents. As the diurnal inequality 521 diminishes and the freshwater discharge and setup disappear (particularly after tide 5), the 522 asymmetric velocity profile becomes unimportant to the flux balance. Hence, unlike 523 modelling studies suggest (e.g., Ridderinkhof, 1998) , asymmetries in velocity caused by over-524
tides (e.g., the M 4 tide) do not appear to be important for fluxes at our site. 525 526
Two primary forcing mechanisms produce asymmetries of SSC over a tidal cycle at our site: 527
The turbid tidal edge (mediated by frontal processes) and the tidal variation in wind forcing. 528
In the absence of significant wind or wave activity (e.g., tide 6), the baseline asymmetry in 529 SSC is characterized by higher concentrations on flood tides than on ebbs due to the turbid 530 tidal front. These frontal pulses of turbidity are associated with strong salinity gradients, 531
occur over a short time scale (<< 1 hour), and are usually largest during the flood tide (see 532 section 3.4). Variations in wind forcing cause tidal variations in wind-wave energy and 533
seiching (see Fig. 5 ) over time scales greater than an hour, and hence alter SSC (see section 534
3.2 and 3.3). 535 536
The tidal asymmetry in SSC due to wind forcing is most clearly observed by comparing tide 5 537 and tide 8. During the flood of tide 5, wind-driven waves produce a peak concentration of 538 ~0.2 kg/m 3 above the tidal mean, which reduces over 1.5 hours as wind forcing subsides (see 539
Figs. 4 and 12). Because wind-wave energy is negligible during the ebb (see Fig. 5 ), SSC 540
does not increase much and a flood dominated SSC asymmetry (and onshore sediment flux) 541
occurs. By contrast, wind energy and wave energy are small during the flood of tide 8, but 542 increase during the ebb (see Fig. 4 and Fig. 5 ). As a result, SSC shifts above the tidal average 543 for 1.5 hours during the ebb of tide 8, producing a net offshore flux. 544 545
The effect of variable wind-forcing on asymmetries in SSC is not solely tied to local 546 variations in wind-driven waves. For example, seiching motions are much larger during the 547 flood of tide 4 than during the ebb, likely due to the decrease in wind forcing (and release of 548 setup) that occurs after hour 33 (see Fig. 3 and Fig. 5 ). These seiching motions not only 549 increase the magnitude of SSC at the seiche frequency (see Fig. 7 ), but also increase the 550 tidally varying SSC (e.g., between hour 38-40 in Fig. 11) . Similarly, the decrease in wind 551 during the ebb of tide 2 is correlated with large ebb currents that can erode sediment. 552
Offshore (southwards directed) wind may stir offshore, subtidal sediments (through wave 553 action) which are transported shoreward during the flood, and cause a flood dominated 554 asymmetry in SSC over a tidal period (e.g. tide 7; see section 3.2). Finally, ocean swell 555 forcing is larger during the ebb of tide 5 and the flood of tide 7 than the corresponding flood 556 and ebb, respectively, and may also contribute to asymmetries in SSC. 557 558
Effects of Phasing and Time Scales 559 560
The net effect of asymmetries in velocity (V′) and SSC (C′) depends on their relative phasing 561
with C tidal and V base and on their respective magnitudes and time-scales of variation. 562
Instantaneous fluxes of SSC at the tidal time scale are maximized when large SSC is 563 correlated with large advective velocities. As shown in Fig. 11 and Fig. 12 Because of differing time scales and timing, turbid tidal fronts and wave induced turbidity 570 events interact differently with V base in Eq. 11. Turbid pulses during the flood are often higher 571 in magnitude than the corresponding increase in SSC during the ebb (see tide 6 and tide 8 in 572 Fig. 12 ), and drive onshore flux in calm conditions (e.g. tide 6). However, the time-scale over 573 which the turbid pulse acts is small (~ 30 minutes) compared to wave induced turbidity 574 events, which generally occur over time periods of greater than 1 hour (see flood of tide 5 and 575 ebb of tide 8, for example). Hence, fluxes from the relatively small SSC during the ebb of 576 tide 8 ( Fig. 12 ), which is integrated over 1.5 hours, outweighs the short but intense turbidity 577 front which is integrated over 30 minutes. The effect of the differing time scales is amplified 578 by the timing of the front and the wind event. The front during the flood of tide 8 occurs at a 579 non-peak flood velocity (0.053 m/s vs. 0.083 m/s at the maximum), while the much smaller 580 maximum SSC during the ebb of 0.08 kg/m 3 occurs at the nearly the maximum ebb velocity 581 (0.081 m/s). Because wind-events are longer, they are more likely to coincide with the 582 maximum tidal velocity and therefore produce large sediment fluxes. 583 584
Time Scales of Wind and Swell 585 586
As observed in the previous section, the timing of wind events relative to the phase of the tide 587 modifies the net flux onto or off of the flat. Two basic conditions may occur. First, the wind 588 wave event may last over the entire tidal period, as occurs during most of tide 2 during the 589 meteorological event. On the other extreme, wind events may occur entirely during the flood 590 (tide 5) or during the ebb (tide 8). To understand the likelihood that a wind event will be 591 biased towards either the flood or ebb, we analyze wind data from the Richmond Field Station 592
for the years 1999-2005. We define an event to be the time period over which sustained 593 winds are greater than 5 m/s, which is a standard deviation from the long term mean of 3. Two events that are separated by only 1 hour are combined into one event period, to allow for 597 randomness in the wind field during a contiguous event. For comparison, we also analyze the 598 significant wave height (average of top 1/3 measured wave amplitudes per hour) measured at 599 an offshore buoy (NDBC buoy 46026) for an estimate of offshore swell. Again, we define an 600 event as a standard deviation from the average, which is 2.8 m (mean significant wave height 601 = 2.0 m). Though ocean swell rarely dominates the energy budget at this site, Fig. 5 shows 602
that ocean swell provides an important contribution to the total forcing. Thus, the time scales 603 of ocean swell provide an interesting contrast to locally driven wind waves. 604 605
Results in Fig. 13 show that the most likely time scale of both a wind event and ocean swell 606 event is 1 hour (26% and 28%, respectively). Thus, as confirmed by the spectral analysis of 607 velocity (see Fig 5) , both ocean swell and wind waves are highly likely to occur over only a 608 portion of the tide: ~ 51% of wind events are 3 hours or less, while ~ 54% of offshore swell 609 events are 5 hours or less. Indeed, 90% of wind events have a time period of less than 12 610 hours, the time scale of a tide. By contrast, 28% of offshore swell events exceed the time 611 scale of a tidal period. 612 613
The frequency distribution of wind and ocean swell events suggests that the strong 614 dependence of tidally integrated sediment flux to variations in wind and waves are a long-615 term characteristic of this intertidal flat, and not just an artefact of this experiment. Changes 616 in wind forcing and hence sediment flux are observed both within a tidal phase (e.g., during 617 the ebb of tide 2 between hour 20 and 21) and between tidal phases (e.g., the flood and ebb of 618 tide 5 or tide 8). As a result, the phasing and duration of wind and wave events relative to the 619 local tidal forcing is an important factor in the net sediment flux. Hence, the assumption that 620 wind forcing is constant over a tidal period in models of sediment transport (e.g., 621 Ridderinkhof suspended sediment flux for tides 5-8, following the same format as Fig. 11 . 886 887 888 Figure 13 : Probability distribution of event length for offshore waves and local wind defined 889 from 6 years of data (1999) (2000) (2001) (2002) (2003) (2004) (2005) ). An event is defined as an offshore wave height exceeding 890 2.78 m and a wind speed exceeding 5 m/s, which represents any measurement greater than a 891 standard deviation from the mean. The number of consecutive measurements that exceed the 892 event threshold determines the time scale of the event. Over half (51%) of wind events occur 893 over a time period of 3 hours or less, and over half (54%) of ocean swell events occur over a 894 time period of 5 hours or less. Only 10 % of wind events, but 28% of offshore wave events, 895 exceed 12 hours of duration. 896 897 898
